I. INTRODUCTION
N EW fixed and mobile communication services are planned to exploit beacon frequencies at band and above [1] . At these frequencies, scintillation plays an important role as a signal degradation source [2] , [3] . Scintillation phenomena are attributed to turbulent refractive index inhomogeneity, which induces time and space random variations of the amplitude, the phase, and the angle of arrival of the received signal. The renewed interest in scintillation studies is mainly due to their relevant impact on digital links that have low fade margins available, but require high performance [4] .
Recently, the application of electromagnetic propagation models, describing the interaction between microwave radiation and turbulent atmosphere, has been proposed for developing statistical prediction methods of clear-air scintil- lation using meteorological data [5] - [7] . This model-based approach has opened the possibility to include predictors other than surface data, showing that the vertically integrated watervapor content is significantly correlated with the amplitude scintillation variance [6] . Indeed, this extension of the statistical prediction methods is very appealing since the integrated water-vapor content can be accurately retrieved by both dualchannel microwave radiometers [8] , [9] and global positioning system (GPS) receivers [10] , [11] . The foundations of these new estimation techniques are basically related to the correlation between clear-air scintillations and brightness temperatures. This correlation has been shown in literature by using both simulated and experimental data on a short-and long-term basis [6] , [12] - [16] . Since path attenuation can be derived from radiometric measurements, it is expected that scintillation is also correlated with path attenuation in clear-air conditions, i.e., without clouds and precipitation.
An analysis of the correlation between rain path attenuation and scintillation intensity has been already carried out using Olympus measurements on a short-term basis [17] . In rain conditions, zenithal path attenuation at 20 GHz can reach values up to 15 dB (for precipitation intensity of about 50 mm/h). On the contrary, in clear-air conditions, we expect zenithal attenuation no greater than about 1 dB (for very humid air with 50 mm of vertically integrated water vapor) [18] , [19] . This means that the dynamic range of path attenuation in clearair conditions is much smaller than in rain conditions and, correspondingly, when clear-air high scintillation variances are present, the measured path attenuation values are generally small.
In this work, numerical and experimental evidence of the long-term correlation between microwave scintillation and path attenuation in clear-air troposphere is argued. Amplitude scintillation variance is derived both from a weak-fluctuation propagation model and from Italsat measurements at the Spino d'Adda ground station (Italy). Path attenuation is obtained from ground-based brightness temperature data, using both a radiative transfer model and a multichannel radiometric system available at the Italsat receiving station. Both the scintillation and radiative transfer models are applied to a set of radiosounding observations (RAOB's), performed in Milan, Italy, during 1989. Regression models, relating clear-air slantpath attenuation to amplitude scintillation, are derived from numerical simulations and tested against Italsat data.
II. THEORETICAL CONSIDERATIONS
In this section, we will briefly introduce the basic relationships which relate, on the one hand, path attenuation to brightness temperature and atmospheric variables and, on the other hand, scintillation variance to the refractive-index structure constant and to atmospheric parameters. Within the outlined framework, the numerical and experimental analysis will be carried out in Sections III and IV, respectively.
Microwave tropospheric attenuation, during nonprecipitating conditions, is mainly caused by the spectral absorption of water vapor, oxygen, and cloud liquid water. Under the assumption of local thermodynamic equilibrium, the microwave thermal emission is expressed in terms of the equivalent blackbody brightness temperature using the Rayleigh-Jeans approximation. Supposing a plane-parallel atmosphere and neglecting the scattering contribution (no rain conditions), the integral form of the radiative transfer equation allows one to express, explicitly, the brightness temperature as a function of the atmospheric parameters and optical thickness [8] , [9] .
The slant-path attenuation [dB] , calculated at a frequency along an elevation angle (above the horizontal plane) at the altitude of a ground receiving station is related to the measured as follows:
( 1) where the angle brackets indicate the long-term temporal averaging (in this work, on a monthly basis), [K] is the mean radiative temperature and
[K] is the cosmic background brightness temperature (equal to 2.73 K), incident at the top of the atmosphere. The term represents the zenithal attenuation and the cosecant law dependence is due to the assumption of a horizontally stratified atmosphere.
Note that due to the nonlinear form of (1), an explicit relationship between monthly and cannot be, in general, derived. However, if the ratio is much less than one, (1) can be expanded into Taylor's series and a linear form can be used as a good approximation. The analysis of (1) reveals that the total attenuation can be estimated from microwave radiometric measurements, once is known. It has been shown in the literature that can be estimated from surface meteorological data, mainly from a combination of surface temperature and relative humidity [8] - [9] , [18] . However, we will show in the next section that the introduction of the vertically integrated water vapor [mm or kg/m can be also useful for accurately predicting . If the Taylor "frozen-in" hypothesis is assumed and the turbulent eddy sizes lie in the inertial subrange of the Kolmogorov spectrum, we can derive the following expression for the variance [dB of plane-wave log-amplitude fluctuations
[dB] at a frequency due to horizontally stratified clear-air turbulence [5] , [6] , [14] (2) where is the antenna-aperture averaging factor, is the elevation angle, is the wave-number in vacuum, is the intermittence factor due to atmospheric instability, is the refractive-index structure constant of homogeneous turbulence, and is the altitude coordinate with the effective height of turbulence [20] . Due to the log-normal probability distribution generally attributed to it is also common to refer to the scintillation log-variance , conventionally expressed in . Experimental and numerical analyses have shown that on a long-term basis the scintillation variance can be expressed as a function of the ground-based meteorological parameters. It is usual to adopt the following form for the long-term scintillation log-variance [6] , [7] , [21] ( 3) where and are the frequency and angle scaling exponents, respectively, and is the normalized log-variance in general function of surface temperature , relative humidity , and vertically integrated water vapor in clear-air conditions. Comparing (2) with (3), we deduce that the theoretical values for and are 1.17 and 1.83.
If the refractive index is complex, as for the atmosphere in the microwave range where the absorption of water vapor (22-24 GHz) and oxygen (50-60 GHz) are dominant, (2) can be generalized [22] . In particular, it can be shown that the scintillation power due to absorption is mainly concentrated at low temporal frequencies and the high-pass cutoff frequency increases with the square root of the channel frequency. This means that, at band and above, we would expect the bulk of the scintillation energy to be below 10 mHz [17] .
In order to avoid this possible contamination in the correlation analysis, on the one hand, we have used an eighthorder Butterworth high-pass filter with a conservative cutoff frequency (at 3 dB) of 10 mHz [7] . On the other hand, we have decided to compute path attenuation from radiometric measurements using (1) instead of deriving it from beacon channel data. Actually, a frequency scaling should be applied for deriving the beacon path attenuation from the radiometric path attenuation on a long-term basis [18] , [19] .
III. NUMERICAL ANALYSIS
In order to simulate the observed by a ground-based microwave radiometer at a given frequency and in a given direction, we have used the Liebe model to compute the atmospheric absorption [22] . This model gives a detailed description of the spectral molecular absorption of humid air (possibly with some cloud liquid) in the frequency range from 1 to 1000 GHz as a function of the local temperature, pressure, and relative humidity. The radiative transfer equation has been solved numerically considering a stratified atmosphere with levels associated to each RAOB level [8] .
From the same stratified atmospheric model, we have also computed the scintillation variance through (2), discretizing the integral and using RAOB data (including the wind velocity) to evaluate both the intermittence factor and the structure constant [6] . For the antenna aperture averaging factor we have used the expression recommended by ITU-R [24] . To perform our simulations, we have selected clear-air RAOB's, acquired during 1989 twice a day around midday at 12:00 Greenwich Mean Time (GMT) and midnight at 24:00 GMT. It is worth mentioning that due to the time-zone and daylight saving time, GMT midday and midnight correspond to 2 PM and 2 AM local time from March to October and to 1 PM and 1 AM local time the rest of the year. Only clearair RAOB's have been considered in this work, excluding the cloud presence by means of a humidity threshold [7] , [9] . We have also considered beacon frequencies at 18.7, 39.6, and 49.5 GHz with a 37.8 elevation angle together with four radiometric frequencies at 13.0, 23.8, 31.6, and 50.2 GHz at the same 37.8 elevation angle. These simulation parameters are those of the Italsat ground station, later on considered in the experimental analysis. Fig. 1 shows the simulated mean radiative temperature at 13.0, 23.8, 31.6, and 50.2 GHz against surface temperature, relative humidity and integrated water vapor content on an hourly basis (actually, only two hourly samples within a day), using clear-air RAOB data of 1989 (Milan, Italy) and supposing an elevation angle of 37.8 . In the top panel, the bisector is also indicated by a dashed line in order to show that the approximation is not generally adequate. As expected, at 23.8 GHz is higher than values at the other frequencies. Moreover, the fairly high correlation and is apparent from the bottom plot of the figure, meaning that the introduction of the verticallyintegrated water vapor can be also useful for accurately estimating . In clear-air conditions, the following regression formula can be used to predict on a short-term basis:
where the coefficients are function of the frequency, but are not strongly dependent on the elevation angle. In order to compute the coefficients of (4), we assumed an additive zero-mean Gaussian noise with a standard deviation of 1 K on and 5% of the value on both and . Table I provides these regression coefficients for each radiometric channel and in the 10-50 GHz band on an hourly basis, together with the rootmean square (rms) error. Note that inclusion of quadratic terms (4), as a further predictor, gives improvements of about 10% in terms of rms error.
As anticipated, a linearized form of (1) can be derived in clear-air conditions. Fig. 2 shows the simulated slant-path attenuation at 13.0, 23.8, 31.6, and 50.2 GHz against the corresponding brightness temperature on a monthly basis, using the same data set as for Fig. 1 and supposing an elevation angle of 37.8 . In particular, for each month, both the midday and midnight values have been computed. The limited spread around the linear best-fit curves (only at 50.2 GHz the dispersion becomes significant) corroborates the assumption of a linear prediction formula; that is (5) Assuming an additive zero-mean Gaussian noise with a standard deviation of 1 K on , Table II gives the coefficients of (5) to derive from at 13.0, 23.8, 31.6, and 50.2 GHz, together with the rms errors and the correlation coefficients.
After deriving long-term path attenuations from radiometric data through (5), we can statistically compare them with amplitude scintillation intensity statistics. Fig. 3 shows the simulated slant-path attenuation at 13.0, 23.8, 31.6, and 50.2 GHz against corresponding scintillation log variance at 18.7, 39.6, and 49.5 GHz on a monthly basis, using the clear-air RAOB data of Milan, Italy, 1989, and supposing an elevation angle of 37.8 and an antenna diameter of 3.5 m. Path attenuation at 23.8 GHz are higher than at 31.6 GHz due to the water-vapor peak absorption.
The latter figure justifies the assumption of a linear form to relate path attenuation and scintillation log-variance such as (6) where the frequency can indicate both a radiometric and a beacon channel, as shown later. In order to derive the regression coefficients of (6), given in Table III , we assumed an additive zero-mean Gaussian noise with a standard deviation of 1% of its value on . The rms errors and the correlation coefficients are also shown in the table. We have chosen to represent the scintillation log-variance, instead of its variance or standard deviation value, in agreement with the expression given in (3) . Note that in order to get the variance value, it is not correct to take simply the exponential of the log-variance value due to the presence of the temporal average operator.
As expected, scintillation log-variances increase with frequency even though their dynamic ranges slightly decrease with frequency. This correlation between scintillation variances and path-attenuation basically depends on the solar heating of ground, which leads to an expected increase in the air temperature and absolute humidity, with a concomitant production of atmospheric instability and, thus, scintillation. Since brightness temperature represents the emitted thermal radiation of the atmosphere, which, in turn, is due to atmospheric absorption, an increase in brightness temperature will be accompanied by an increase in observed path attenuation.
In order to scale radiometer-derived attenuation to beacon attenuation by using (5), we can carry out a further model investigation. Fig. 4 shows the simulated slant-path attenuation at 18.7, 39.6, and 49.5 GHz versus radiometer-derived slantpath attenuation at 13.0, 23.8, 31.6, and 50.2 GHz on a monthly 
where the subscript refers to the beacon channels and the subscript refers to the radiometric channels under consideration. The regression coefficients needed to apply (7) for attenuation frequency scaling are given in Table IV , together with the rms errors and the correlation coefficients. Note that in (7) we have chosen to select the radiometric channel frequency closest to the beacon attenuation frequency . Multiple regression, using more than one predicting channel, can be also applied, but without significant improvements in the final accuracy.
Scaling radiometer-derived attenuation to the Italsat beacon frequencies does not change the comments made for Fig. 3 . This is shown in Fig. 5 , where the scintillation log variances at 18.7, 39.5, and 49.5 GHz is plotted against the corresponding slant-path attenuation on a monthly basis. Table III reports the regression coefficients of (6) in this case, as well. 
IV. EXPERIMENTAL ANALYSIS
We have considered measurements from the Italsat ground station in Spino d'Adda, Italy, close to Milan, where beacons at 18.7, 39.6, and 49.5 GHz are sampled at 1 Hz rate with antennas of 3.5-m diameter pointing at 37.8 elevation angle [4] , [25] . A clear-sky threshold of 1.5 dB has been applied to the log-amplitude time series in order to select clear-air events, thus avoiding any deraining procedure [26] . High-pass filtered scintillation variances have been computed every minute [7] . Meteorological data, consisting of surface temperature and relative humidity, were measured at Spino d'Adda every ten minutes and four radiometric channels at 13.0, 23.8, 31.6, and 50.2 GHz pointing at 37.8 elevation angle as well, were also available at the same site. Radiometric systems were routinely calibrated by means of a tipping-curve method and they were used to cross check the presence of clouds and rain along the Italsat satellite path [8] , [9] .
For this work, twelve months of meteorological, radiometric, and beacon data have been available from January 1, 1995 to December 31, 1995 for the three beacons. Unfortunately, radiometric measurements at 50.2 GHz were not available continuously during the year so that it was not possible to include them in the experimental data set. Moreover, radiometric data at 13 GHz were considered reliable only in January and February.
Ground-station data time series were windowed around GMT midday and midnight (choosing a period of about 45 min) in order to make them consistent with the RAOB launch times used in the numerical analysis. Monthly averages of these windowed measurements were performed separately for midday and midnight data, thus providing 24 monthly mean values.
At Spino d'Adda, path attenuation for the Italsat beacon frequencies was derived by using a semi-empirical algorithm, not trained by the Milan RAOB data set as performed in this work [27] . Thus, a preliminary check of the prediction formula, as given in (5), can be a useful test to further apply (6) . Fig. 6 shows the radiometer-derived slant-path attenuation against measured brightness temperature at 13.0, 23.8, and 31.6 GHz on a monthly basis, using one year of clear-air radiometric data taken at the Italsat ground-station (Spino d'Adda, Italy) during 1995 at midnight and midday with an elevation angle of 37.8 . Theoretical linear regression curves, as shown in Fig. 2 , are also indicated for comparison. The agreement between the attenuation derived at Spino d'Adda and that obtained by using (5), is fairly good at 13.0 and 23.8 GHz (even though only four samples at 13 GHz were available). Some discrepancies (6) are noted at 31.6 GHz, especially for path attenuation values greater than 0.5 dB, probably due to a calibration problem [27] .
Finally, Fig. 7 shows the slant-path radiometer-derived attenuation at 13.0, 23.8, 31.6 GHz against the scintillation log variances at 18.7, 39.6, and 49.5 GHz on a monthly basis at midday and midnight. Theoretical linear regression curves, as shown in Fig. 3 , are also indicated for comparison. Table V provides the quantitative results of this test in terms of the bias and rms value of the percentage fractional error, defined as the ratio between the attenuation , derived from radiometric measurements, minus the attenuation , predicted by (6), using beacon log-variances and the radiometer-derived attenuation itself; that is:
. The agreement between predicted and experimental data is fairly good, in particular at 18.7 GHz; the overall percentage rms error is less than 30%. The spread around the regression curves is higher at 23.8 GHz and the prediction algorithms seem to underestimate high-path attenuation corresponding to high-scintillation variance.
V. CONCLUSIONS
The long-term correlation between clear-air scintillation and slant-path attenuation has been analyzed using both synthetic and experimental data in the 20-50-GHz band. This statistical relationship has been derived quantitatively by using a coupled scintillation and radiative transfer model applied to RAOB data and has been tested against Italsat beacon data acquired in Spino d'Adda, Italy, during 1995. Slant-path attenuation has been derived from radiometric measurements, while scintillation variance has been evaluated by high-pass filtering the beacon time series. This choice has guaranteed the actual independence of the two data sources, thus avoiding the critical selection of the high-pass cutoff frequency.
Linear regression models have been extensively used to set up an effective procedure to retrieve path attenuation and scintillation log variance in clear-air conditions. Prediction formulas of short-term mean radiative temperature from meteorological measurement, long-term path attenuation from brightness temperatures, long-term path attenuation from scintillation log-variance, and beacon path attenuation from radiometric path attenuation, have been provided. It is worth mentioning that even though the results presented here are relevant to simulations at 37.8 elevation angle, by assuming (1) and (3) as a modeling framework, the angular dependence can be easily removed and the results generalized to observations with angles other than the one considered here.
This analysis can be summarized by concluding that on a monthly basis the clear-air beacon signal at and band has a scintillation log-variance, which is correlated with total path attenuation. This aspect could have some appealing impact in the link budget design and into the development of new scintillation prediction methods.
A possible weakness of the proposed approach is that only beacon data at GMT midnight and midday have been considered to coincide with available radiosonde data. The well-established diurnal pattern in scintillation intensity is generally peaked in the mid-afternoon so that the applicability of the model might fail for the prediction of the worst-case period of the day. However, as mentioned in Section III, GMT midday and midnight correspond to 2 PM and 2 AM local time for most year, thus taking into account the two possible extremes of scintillation activity. The adequateness of the selected data set has been also tested in [7] by evaluating the scintillation variance probability density functions derived from both simulation and Italsat data. A fairly good agreement with typical log-normal statistical distributions, widely reported in literature, was found. Nevertheless, a quantitative test of the developed methods against more complete beacon data sets will be pursued in the future. Further investigation should also include the evaluation of short-and long-term cloud effects on the correlation between path attenuation and scintillation variance
